How ecological opportunity relates to diversification is a central question in evolutionary biology. However, there are few empirical examples of how ecological opportunity and morphological innovation open new adaptive zones, and promote diversification. We analyse data on diet, skull morphology and bite performance, and relate these traits to diversification rates throughout the evolutionary history of an ecologically diverse family of mammals (Chiroptera: Phyllostomidae). We found a significant increase in diversification rate driven by increased speciation at the most recent common ancestor of the predominantly frugivorous subfamily Stenodermatinae. The evolution of diet was associated with skull morphology, and morphology was tightly coupled with biting performance, linking phenotype to new niches through performance. Following the increase in speciation rate, the rate of morphological evolution slowed, while the rate of evolution in diet increased. This pattern suggests that morphology stabilized, and niches within the new adaptive zone of frugivory were filled rapidly, after the evolution of a new cranial phenotype that resulted in a certain level of mechanical efficiency. The tree-wide speciation rate increased non linearly with a more frugivorous diet, and was highest at measures of skull morphology associated with morphological extremes, including the most derived Stenodermatines. These results show that a novel stenodermatine skull phenotype played a central role in the evolution of frugivory and increasing speciation within phyllostomids.
INTRODUCTION
Why do some lineages comprise many species and a wide range of ecological variation, while others encompass only few species that vary little from one another [1] ? Ecological opportunity unlocked by morphological innovations, the invasion of a new environment, or the extinction of competitors and predators can unleash higher rates of speciation and/or lower extinction rates and explain observed disparities in taxonomic and ecological diversity [2] [3] [4] . Documenting shifts in diversification rates is now possible across large swaths of the Tree of Life thanks to new phylogenetic approaches coupled with robust estimates of divergence times (e.g. mammals and warblers [5, 6] ). It has been more difficult to test the role of ecological opportunity and its mechanism in shifts in diversification rates [7, 8] . Morphological innovations have been discussed extensively as drivers of diversification (e.g. [7, [9] [10] [11] ), but close inspection tends to reveal either small effects or alternative mechanisms of exploiting ecological opportunity (e.g. neither pharyngeal jaws in labrid fishes nor nectar spurs in Halenia are associated with higher diversification rates [12, 13] ). It has proved hard to show that traits proposed as morphological innovations confer advantage in exploiting ecological opportunity, and this is critical to demonstrating diversification through morphological innovation [14, 15] .
Connecting ecological opportunity to morphological change and diversification requires demonstrating that: (i) there was a significant increase in diversification rate in the lineage of interest [9] ; (ii) increased diversification rate is associated with movement into a new adaptive zone; (iii) there was a change in phenotype [10] ; (iv) the new phenotype improves performance in the new adaptive zone [7] ; and (v) the evolution of the novel morphology and shift to the new adaptive zone are associated with increases in diversification rate [16] . To date, few analyses have examined the connection between ecological opportunity and diversification [12] , and even fewer have linked phenotype to performance in this context [17, 18] .
Here, we analyse large and comprehensive datasets summarizing diet, cranial morphology, and bite force from one of the most ecologically diverse families of mammals (Chiroptera: Phyllostomidae, 180 species) to elucidate drivers and mechanisms of diversification. In particular, we test the hypothesis that the evolution of frugivory and a skull phenotype that improved biting performance within this feeding habit is associated with increasing diversification rates in this family. Outgroups to phyllostomids and basal members of the family are insectivorous. Although a few phyllostomid species are omnivorous and/or eat soft fruits, only members of the subfamily Stenodermatinae are primarily frugivorous and regularly consume relatively hard canopy fruits, especially figs [19, 20] . The evolution of frugivory is thought to have promoted diversification in phyllostomids by opening a new adaptive zone [21] . Studies of whole-organism performance in bats have uncovered strong correlations between diet (ecology), skull morphology (phenotype) and bite force (feeding performance) [22] [23] [24] , suggesting a possible mechanism of adaptive ecological diversification through morphological innovation. Despite patterns of species diversity consistent with ecological drivers [25] , the roles of ecological opportunity, phenotypic innovation and performance in taxonomic diversification have not been established because quantitative data have been lacking.
We evaluated five predictions that arise from the hypothesis that feeding on relatively hard canopy fruits represented a new adaptive zone accessed through the evolution of skull morphology, and led to a significant increase in diversification rate (i.e. the rate of increase in accumulation of new lineages brought about by an increase in speciation, a decrease in extinction, or a combination of both). First, there should be evidence of a significant shift in diversification rate at the base of the frugivorous clade [26, 27] . Second, diet and skull morphology should be significantly linked. Third, there should be a significant association between skull morphology and enhanced biting performance in the new adaptive zone [23, 28] . Fourth, if morphological innovation opened the door to the new adaptive zone and increased diversification, the rate of trophic evolution should increase as the new adaptive zone is filled, while the rate of morphological evolution should decrease as the innovation is maintained within the clade by stabilizing selection [29] . Fifth, tree-wide diversification rates should be significantly linked to diet and skull morphology. These analyses link higher speciation rates to the evolution of both frugivory and a skull phenotype that improved biting performance when eating fruit, demonstrating the role of ecological opportunity and morphological innovation in promoting diversification.
METHODS
(a) Phylogeny estimation and evolutionary timeline We estimated phylogenies by analysing partial sequences of four mitochondrial genes: 12S and 16S ribosomal RNA, cytochrome b, cytochrome oxidase I; and the autosomal recombination activating gene 2 from 150 ingroup species exemplars [30] . Homologous sequences of closely related families (Mormoops, Pteronotus, Noctilio and Mystacina) were used to root the tree [31] . Sequences were collected from GenBank and aligned using the perl script TRANSALIGN v. 1.2 [32] for protein-coding genes, and MAFFT v. 6.611b with the Q-INS-i algorithm [33] for mitochondrial ribosomal loci. The flanks of the resulting alignments were trimmed to minimize missing data, yielding a final supermatrix of 4840 nucleotides.
To identify the best partitioning scheme for phylogenetic analyses of the supermatrix, we calculated the Bayesian Information Criterion (BIC) and rescaled Akaike information criterion (AICc) [34] of six alternative partition sets based on the harmonic mean of the posterior log-likelihoods (HMLL) of parallel MRBAYES v. 3.2 [35] Metropolis coupled Markov chain Monte Carlo (MCMCMC) searches. These searches were conducted in three steps: (i) one maximum likelihood (ML) tree was obtained by choosing from 100 phylogenetic inferences of the non-partitioned data with independent random starting trees in RAXML v. 7.0.48 [36] ; (ii) the best-fit model of sequence evolution for each partition was selected via the AICc calculated in MRAIC.pl v. 1.4.4 [37, 38] ; and (iii) parameters of the best-fit model of sequence evolution for each partition and tree branch lengths were allowed to vary in MRBAYES searches (10 million generations, four chains), with the tree constrained to the single ML topology within each partitioning scheme.
We used relaxed molecular clock and fossil calibrations to obtain time-calibrated phylogenies by: (i) running 50 independent RAXML searches with the best partition scheme to obtain a ML estimate of phylogeny; (ii) selecting the best tree model in many-core parallel BEAST v. 1.6.1 [39, 40] with the ML phylogeny as the starting tree; and (iii) applying the best tree model in parameter and tree searches in BEAST. The best fit between the pure-speciation (Yule) and birth-death (speciationextinction) model was evaluated in BEAST by running 20 million generations in MCMCMC searches. To constrain divergence times, we used a prior on the age of the root based on published estimates [41, 42] and nine fossil calibration points distributed throughout the tree (see electronic supplementary material, figure S1 and table S1), and drawing per-branch rates of molecular evolution from a lognormal distribution [43] . After selecting the best tree model, we ran four separate 20-million generation BEAST searches with the same starting tree, calibration points and relaxed clock model. No topological constraints were enforced and all parameters were sampled every 1000 generations. Convergence in loglikelihoods (LLs) and parameter autocorrelation times were evaluated using TRACER v. 1.5 [44] .
(b) Model comparisons
Having a large sample of dated phylogenies enabled us to measure the impact of variation in branch lengths and tree topologies on all subsequent comparative analyses: diversification rate, trait evolution, regressions between traits and models of diversification as a function of trait evolution. We adopted a likelihood-based approach to scaling up hypothesis testing in series of more than or equal to 100 trees (in most cases 1000) without incurring in greater-than-nominal type-I error. In analyses applying ML optimization, this was achieved by conducting likelihood ratio tests (LRTs) between the HMLLs of nested models with degrees of freedom equal to the difference in the number of parameters between the models. In Bayesian Markov chain Monte Carlo (MCMC) analyses, the marginal log-likelihoods were approximated by calculating the HMLLs of each series of posterior uncorrelated parameter samples, and using these in LRTs, as above. Finally, non-nested models were compared using the AIC HMLL , and the criteria of [45] : models within two AIC units of the lowest AIC are supported by the data, while models with more than four units difference were discounted. Unless expressly noted, all analyses were performed in the R statistical language [46] .
(c) Diversification rates With thousands of dated phylogenies in hand, our next goal was to determine where in each tree the greatest shift in diversification rate occurred. We used a combination of ML and MCMC approaches to test for the presence of shifts in diversification rate in each tree. To identify the node with the largest shift in speciation rate (and highest increase in model fit), we began by fitting models with 1 and 2 speciation rates to each of 1000 uncorrelated dated trees using the LASER R package [47] and accounting for missing species by attaching missing species as polytomies to their closest sampled relative (see the electronic supplementary material, table S2). We then fitted birth-death and pure-speciation models to each tree, using ML in the R package DIVERSITREE (v. 0.7-7 [48] ), accounting for missing species as in LASER analyses. After establishing which of the pure-speciation and birth-death models best fitted the phylogenies, we tested for a change in speciation rate at the node identified using LASER by fitting ML models. Finally, we applied a Bayesian approach to testing the significance of diversification rate change by sampling MCMC chains of 250 steps per tree. We used ML estimates of the parameters as starting points, and flat priors for speciation rates in DIVERSITREE. The CODA package [49] was used to calculate autocorrelation times and effective sampling sizes of the MCMC samples of speciation rates.
(d) Trait evolution
We collected data on the diet, skull morphology and biting performance of phyllostomid species. For diet, individual faecal samples were analysed using a blind protocol [50] . Samples consisting solely of fruit and fruit parts were assigned to trophic level 1, those consisting of only insect parts to trophic level 2 and those containing only vertebrate remains to trophic level 3. Intermediate values were common and were assigned according to the relative volume of fruit, insect and vertebrate material in the faecal sample. Variation in trophic level values among individuals yielded a continuous distribution of species means for trophic level that ranged between 1 and 2.18 (see the electronic supplementary material, table S3). Trophic level was treated as a continuous variable in subsequent analyses.
To quantify skull morphology, we measured 10 linear variables reflecting skull form (table 1) in 611 individuals of 85 species, 83 of which were sampled in the phylogeny (see the electronic supplementary material, table S4). After adding a constant (0.6) to make all observed values positive (values for one variable were both positive and negative), the raw data were size-adjusted by dividing each value for an individual by the geometric mean of values for that individual [51] . We applied a principal component (PC) analysis with Varimax rotation to the correlation matrix of the species means to construct statistically independent vectors (PCs) that summarize variation in skull morphology among species. These PC scores were used to represent morphology in subsequent analyses.
Studies of whole-organism performance in bats have established that bite force is a good measure of feeding performance and that high bite forces allow access to hard foods, including fruits [22, 24] . We measured in vivo bite forces at intermediate gape angles from 563 individuals of 39 wild-caught bat species using a piezoelectric force transducer mounted between two bite plates [23, 24, 52] . We also measured head height of each individual to represent head size [53] . The maximum bite forces from individuals were averaged to obtain species means (see the electronic supplementary material, table S4).
If the availability of fruit provided the ecological opportunity that, in the presence of the morphological innovation allowing its exploitation, led to a significant increase in taxonomic diversification rates; then skull morphology (PC scores) should predict both trophic level and feeding performance (bite force). We tested these predictions using random samples of dated trees (n ¼ 1000). We modelled both trophic level and bite force as functions of skull morphology (PC1 and PC2 scores) using generalized least squares (GLS) and phylogeny-based correlation structures for errors to account for shared evolutionary history [54] . To account for the effects of body size in the analyses of bite force, we included head size as an independent variable. We used R package APE [55] to obtain correlation structure matrices for each tree and applied them in GLS models fitted using ML in nlme [56] . The most appropriate correlation structure for the residuals of the regression on each tree was determined by comparing the fit of Brownian motion (BM) or BM plus the scaling parameter l [57] models using LRTs.
If changes in skull morphology opened the door to ecological opportunity and taxonomic diversification, then a shift in species diversification rate should be associated with a deceleration in the rate of morphological evolution and an acceleration in the rate of trophic evolution as the new adaptive zone is filled [29] . For a sample of 1000 dated phylogenies pruned to match either the trophic level or morphological data (PC scores), we divided each phylogeny into one paraphyletic group and one monophyletic group: the clades above and below the node at which the largest change in taxonomic diversification rate occurred. For each tree, we then used the program BROWNIE [58] to fit a null model of a single rate of trait change across the tree, and a censored model with a different rate in each of the two groups. Finally, we evaluated whether the two groups differed by comparing trophic level between the two groups. We used 1000 randomly selected 
trees to account for correlated error structures, and tested the hypothesis of difference in mean trophic level between groups.
(e) Relationship between diversification and trait evolution We evaluated the relationships between diet (trophic level) and skull morphology (PC1 scores) and diversification rates by comparing 10 linear and nonlinear models of speciation as a function of the evolution of each trait across one randomly selected phylogeny in DIVERSITREE [48, 59] . The null models had constant speciation and extinction rates (birth-death) independent of trait evolution, with increasingly complex linear and nonlinear functions of speciation rates (extinction rates remained fixed, see [48] ) as a function of traits. A directional parameter of trait evolution was also included in these models. We modelled diversification rates as a diffusion process function of each of the traits, and this required standard deviations to account for intraspecific variation. We obtained per-species standard deviations of trophic level from individual samples and used the median of the per-species standard deviation in the six species for which only one individual was available (see the electronic supplementary material, table S3). To generate standard deviations of PC scores, we bootstrapped without replacement the samples of morphological measurements, yielding 100 replicates of the morphological dataset. We then extracted PC scores from each dataset, from which we calculated the mean and standard deviation of the per-species scores. Based on the single-tree preliminary results, null models and models within two units of the lowest AIC were fitted to a random sample of 100 phylogenies using DIVER-SITREE [48] . Missing species were accounted for by specifying the proportion of species not sampled in the phylogeny. figure S2 ). Analyses of a random sample of 1000 uncorrelated trees using LASER overwhelmingly localized the greatest shift in speciation rates (97.3% of trees) at the base of the phyllostomid subfamily Stenodermatinae (figure 1). Birth-death models did not significantly improve the fit of diversification models to the trees (x 2 1 ¼ 0:0014, p ! 0.9701). After discarding burnin and thinning the sample to minimize autocorrelation in pure-speciation estimates, the posterior samples comprised 123 000 estimates (down from 250 steps Â 1000 trees ¼ 250 000 estimates) of posteriors of 1-and 2-speciation rates. The 2-speciation rate model was significantly better than the single-rate model (x (b) Trait evolution The PC analysis of species means identified three PCs with eigenvalues of more than 1 (table 1). Species with low scores on PC1 (representing 49% of variation among species) exhibit short skulls, palates and coronoid processes coupled with relatively tall skulls and mandibular condyles ( figure 3 ). The skulls of species with low PC2 scores (representing 24% of variation among species) are relatively wide and support large molars. PC3 represented only 11 per cent of variation among species and was not used in further analyses.
RESULTS (a) Phyllostomid phylogeny and diversification rates
We found that both the first and second PC were significant predictors of trophic level (x We used a BM model of evolution for the error structure of residuals as it was not rejected in these models (x (see the electronic supplementary material, table S7 ), and few species were available to estimate parameters at high PC1 values (figure 4b). For this reason, we also report the second best, poorly supported (DAIC ML ¼ 6.04, see the electronic supplementary material, table S7), linear model in which speciation rate decreased with increasing PC1 values (figure 4b). Both models shared high speciation rates at low PC1 values.
4. DISCUSSION (a) Diversification rate increased significantly in tandem with frugivory If relatively hard canopy fruits were an ecological opportunity that offered a new adaptive zone, then a clade that could access this new adaptive zone would shift its diet significantly and could diversify at a high rate. As predicted, we found a significant increase in speciation rate at the base of the highly frugivorous sternodermatine clade (figure 1). We were also able to demonstrate that the stenodermatine diet contains significantly more fruit than that of other phyllostomids. These results suggest strong clade-based links between ecological opportunity and diversification [10] .
(b) Morphology predicts feeding performance and diet
If morphology of the skull in stenodermatine bats conferred an advantage in the new adaptive zone, morphology had to predict feeding performance. We found that PC1 scores were significant predictors of bite force after adjusting for head size (figure 3b). The low PC1 scores typical of stenodermatines were a significant predictor of relatively high bite forces, so even absolutely small species have strong bites. This is probably because a shorter skull (and a shorter out lever, the distance from the teeth to the jaw joint), and perhaps differences in the jaw adductor muscles, confer increased mechanical advantage to stenodermatine skulls [23] .
What is the advantage of a skull phenotype that confers increased bite force for these frugivores? Stenodermatines are unique in that even small species exploit relatively hard fruits, especially figs [22, 60, 61] . Other frugivorous phyllostomid lineages consume soft fruits and remain species poor (e.g. Carolliinae and Rhinophyllinae, see figure 1 ). Only stenodermatines have the ability to consume the entire range of fruit diversity available (i.e. both soft and hard fruits) in the new adaptive zone, and therefore benefit from the ecological opportunity of dedicated frugivory.
Both PC1 and PC2 were significant predictors of trophic level, with PC1 explaining more variation in trophic level than PC2 (figure 3a). This confirmed the predicted association between skull morphology and diet. We suspect that the mechanistic basis of the link between low PC1 scores (short skulls) and low trophic level values (more fruit) is mechanical advantage. There is no obvious mechanistic basis for the significant relationship between PC2 and trophic level, but the factor loadings on PC2 (table 1) suggest a role for a wider skull and larger molar teeth. Expanded crushing surfaces on molars are also associated with frugivory in both carnivorans and primates [62, 63] , suggesting a similar 'frugivore' morphotype has evolved multiple times in mammalian evolutionary history.
(c) Change in diet and skull shape underlie the increased species diversification rate The modelled relationships between diet (trophic level), skull shape (PC1) and tree-wide speciation rates are consistent with the hypothesis that the shift to a frugivorous diet which included hard fruits, and the evolution of a stouter skull promoted diversification. Differences in the rates of evolution in skull morphology and diet before and after the largest shift in diversification rates suggest that morphological innovation and its effect on feeding performance may have played a leading role. We found that the rate of morphological evolution was slower after this shift than before it, as predicted if morphology reached a threshold of functionality and then remained in a plateau as it evolved minor variations on an effective theme [64] . In complement, we found that the rate of evolution in trophic level was higher after the shift in diversification rates than before it. This would be expected if the rate of trophic evolution accelerated as the new adaptive zone was quickly filled [7] .
Morphological innovation as a catalyst for diversification has received a great deal of attention. Examples include the evolution of the hypocone (a cusp on the molar teeth of mammals) and nectar spurs on columbines [12, 64, 65] . Likewise, we found support for the hypothesis that the evolution of a skull phenotype which improved biting performance when eating hard fruits (a new adaptive zone) was associated with increasing diversification rates in phyllostomid bats. The novel skull phenotype of stenodermatines may also fulfil the definition of a 'key innovation'. We have linked the phenotype to heightened performance (enhanced bite force), and the role of performance in exploiting the new adaptive zone (hard fruits) has already been established [22 -24] . Our results support the hypothesis that changes in skull morphology enabled the expansion of dietary niches in stenodermatines. Like all phyllostomid bats, stenodermatines have retained the ability to capture and consume insects and occasionally do so [50] . Unlike other phyllostomids, stenodermatines have the added capacity to consume both soft and hard fruits. Thus the range of dietary niches available to stenodermatine bats is effectively broader than that of other phyllostomids. We have not demonstrated that increased bite force is associated with increased fitness in bats, but this is within the realm of possibility, as exposure to tougher foods has been identified as the agent of selection for Diversification and a new adaptive zone E. R. Dumont et al. 1803 higher bite forces in a population of lizards [66] . There is only a single instance of convergent evolution of a morphological innovation linked to dedicated frugivory in bats (species in the family Pteropodidae), and that system has not been investigated in sufficient detail to draw close parallels. Hence, we currently lack the replication necessary to propose the 'frugivore' skull as a key innovation. Nevertheless, our analyses support a central role for a novel skull phenotype in access to the ecological opportunity afforded by hard fruits, and thereby species diversification within phyllostomids.
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